Dominantly inherited mutations in the genes encoding presenilins (PS) and the amyloid precursor protein (APP) are the major causes of familial Alzheimer's disease (AD). The prevailing view of AD pathogenesis posits that accumulation of ␤-amyloid (A␤) peptides, particularly A␤42, is the central event triggering neurodegeneration. Emerging evidence, however, suggests that loss of essential functions of PS could better explain dementia and neurodegeneration in AD. First, conditional inactivation of PS in the adult mouse brain causes progressive memory loss and neurodegeneration resembling AD, whereas mouse models based on overproduction of A␤ have failed to produce neurodegeneration. Second, whereas pathogenic PS mutations enhance A␤42 production, they typically reduce A␤40 generation and impair other PS-dependent activities. Third, ␥-secretase inhibitors can enhance the production of A␤42 while blocking other ␥-secretase activities, thus mimicking the effects of PS mutations. Finally, PS mutations have been identified in frontotemporal dementia, which lacks amyloid pathology. Based on these and other observations, we propose that partial loss of PS function may underlie memory impairment and neurodegeneration in the pathogenesis of AD. We also speculate that A␤42 may act primarily to antagonize PS-dependent functions, possibly by operating as an active site-directed inhibitor of ␥-secretase.
A
lzheimer's disease (AD) is an age-related neurodegenerative dementia and is the most common cause of both neurodegeneration and dementia. Neurodegenerative dementias are characterized clinically by progressive impairment of cognitive abilities, which most prominently affects memory in AD. Neuronal and synaptic loss is the essential neuropathological feature common to different forms of neurodegenerative dementias, including AD, frontotemporal dementia (FTD) and Lewy body dementia (LBD). These diseases are distinguished neuropathologically by characteristic patterns of abnormal protein aggregation, such as the presence in the AD brain of cerebral cortical amyloid plaques and neurofibrillary tangles (NFTs). Extracellular amyloid plaques consist primarily of 40-to 42-residue ␤-amyloid (A␤) peptides (A␤40 and A␤42) derived from proteolytic processing of the amyloid precursor protein (APP). NFTs are intraneuronal inclusions composed of hyperphosphorylated forms of the microtubule-associated protein tau.
Research on AD has been greatly stimulated by the identification of causative mutations in the genes encoding APP and presenilins (PS1 and PS2). Dominantly inherited missense mutations in APP increase the production of A␤ peptides and account for Ϸ10% of mutations identified in familial AD (FAD). PSs harbor Ϸ90% of identified FAD mutations, and many of these mutations increase the relative production of A␤42 peptides. The prevailing amyloid hypothesis posits that accumulation of A␤ peptides, particularly the more hydrophobic and aggregation-prone A␤42, triggers a pathogenic cascade, leading to neurodegeneration in AD (1) . However, amyloid accumulation is not an obligatory feature of dementia or neurodegeneration because neurodegenerative dementias lacking amyloid pathology (e.g., FTD) have been well described. Accordingly, the regional distribution of amyloid plaques correlates poorly with the pattern and severity of dementia in AD, whereas synaptic loss correlates well with these clinical features (2) . More surprisingly, mouse models overexpressing mutant human APP have reproduced overproduction of A␤ peptides and progressive amyloid deposition, but they have largely failed to reproduce neurodegeneration (e.g., see ref. 3) .
The presenilin hypothesis ( Fig. 1 ) was prompted by our recent studies of conditional knockout mice in which PSs are selectively inactivated in the adult cerebral cortex (4) . These mice develop agerelated, progressive neurodegeneration characterized by hallmarks of AD neuropathology, including synaptic loss, neuronal cell death, astrogliosis and tau hyperphosphorylation (Fig. 2) . In these conditional mutant mice, inactivation of PS expression occurs at 4 weeks of age postnatally, and neurodegeneration becomes evident by 4 months of age. By the age of 9 months, 24% of cortical neurons and 35% of cortical volume are lost. Neurodegeneration is preceded by memory loss, synaptic plasticity impairments, reductions in NMDA receptormediated synaptic responses, and decreases in cAMP-response element (CRE)-dependent gene expression (e.g., BDNF, c-fos), suggesting that these molecular defects mediate the subsequent neurodegeneration. Among mouse models of AD, conditional PS knockout mice are the only mutant mice derived from genetic manipulation of AD genes that reproduce the central features of AD, namely neurodegeneration and dementia.
The fact that loss of PS function in the mouse brain phenocopies the essential manifestations of AD raised the possibility that FAD-linked mutations in PS may cause the disease by means of the partial loss of essential PS functions. Indeed, substantial experimental evidence supports the view that pathogenic PS mutations cause partial impairment of PS-mediated activities. These findings provided the initial impetus to rethink how PS and APP may be involved in AD. Below, we will summarize accumulating evidence for the presenilin hypothesis and discuss how it can explain familial and sporadic AD.
FAD-Linked PS Mutations Impair
␥-Secretase-Dependent and -Independent PS Activities PSs are essential components of ␥-secretase, a multisubunit protease complex that catalyzes the intramembranous cleavage of a number of type I transmembrane proteins, including Notch, APP, and cadherins. Notch is a key physiological substrate of ␥-secretase, as evidenced by similar developmental phenotypes exhibited by PS and Notch mutant mice (5) , and the dependence of Notch signaling on the ␥-secretase-mediated release of its intracellular domain (NICD). The APP intracellular domain (AICD), which is similarly released by ␥-secretase-mediated cleavage, has been implicated in transcriptional regulation (6) . Cadherins seem to undergo similar ␥-secretase-dependent cleavages, although the physiological significance of this cleavage is unclear. One unusual feature of ␥-secretase is its relaxed sequence specificity, as evidenced by lack of strong sequence similarity in its substrates and its tendency to cleave some substrates at a series of neighboring intramembranous residues. PSs also possess ␥-secretase-independent activities, such as down-regulation of Wnt signaling through destabilization of ␤-catenin.
The first direct evidence that FADlinked mutations impair the biological activity of PS came from genetic complementation studies in Caenorhabditis elegans (7) . The C. elegans PS homolog, SEL12 (suppressor/enhancer of LIN12), was originally identified through its ability to revert the phenotype caused by constitutive activation of the Notch homolog LIN12. Loss-of-function mutations in SEL12, which exhibits Ϸ50% sequence identity to PS1 and PS2, reduce LIN12 activity and confer an egg-laying defective phenotype (Egl). Transgenic expression of wild-type human PS1 and PS2 rescued the Egl phenotype caused by a strongly hypomorphic SEL12 mutation to a level comparable with that of wild-type (wt) Fig. 1 . The presenilin hypothesis. This diagram depicts the cascade of events leading to neurodegeneration and dementia in AD, as proposed by the presenilin hypothesis. Pathogenic mutations in PS partially impair ␥-secretase-dependent and -independent activities through a dominantnegative mechanism. Elevated levels of A␤, particularly A␤42, resulting from pathogenic mutations in APP or PS, or in association with sporadic AD, may act to inhibit PS function, mimicking the effect of PS mutations. Because production of A␤42 is enhanced by partial loss of PS and ␥-secretase activity, A␤42-mediated inhibition may create a vicious cycle leading to progressively greater impairment of PS function. Loss of PS activity results in synaptic dysfunction, such as deficits in synaptic plasticity, and alterations in molecular signaling events, including impairment of NMDA receptormediated functions and reduction in CRE-dependent gene expression. Loss of PS function ultimately leads to age-related, progressive neurodegeneration characterized by loss of synapses, dendrites, and neurons; astrogliosis; and tau hyperphosphorylation. (Table 1) . Importantly, the ability of mutant PSs to suppress the Egl phenotype is dose-dependent, with higher levels of expression of some mutants resulting in full rescue, but lower levels of expression revealing a significant impairment. More recent studies in Drosophila have also shown that FAD-associated mutations reduce the ability of fly PS to complement Notch-like phenotypes exhibited by PS Ϫ/Ϫ mutants (8) .
Although initial investigations of FAD-linked PS mutations in mammalian systems focused on enhancement of A␤42 production, it has now become clear that a large number of pathogenic mutations cause impairments in other PS activities (Table 1) . Of the major cleavages of APP mediated by ␥-secretase, PS mutations typically increase the production of A␤42 (and A␤43), but can impair the normally predominant ␥-cleavage following A␤ residue 40 and the more distal '' cleavage'' following residue 49, resulting in significantly reduced generation of A␤40 and AICD, respectively. Similarly, impairment of the ␥-secretase-dependent S3 cleavage of Notch and consequent reduction in production of NICD have been well documented with a variety of PS mutations. The first study in a vertebrate system to demonstrate reduction of PS activity by pathogenic mutations analyzed the effects on NICD generation of six FAD-linked PS1 mutations distributed across the coding sequence (Y115H, I143T, M146V, G209V, G384A, and C410Y) (9) . All six mutations caused reductions in proteolytic release of NICD ranging from 40% to Ͼ90% relative to wild-type PS1. Subsequent studies confirmed the reduction in NICD generation conferred by several of these mutations, and identified a number of additional FAD-linked mutations in both PS1 (V96F, L166P, L166R, G206A, ⌬exon9, and L392V) and PS2 (T122P and N141I) that substantially impair NICD production (10-13).
Interestingly, the vast majority of PS mutations that impair NICD production also impair AICD production, indicating a general impairment of ␥-secretasedependent function that is not limited to a single substrate (Table 1) (11) (12) (13) (14) (15) . This correspondence of the effects of mutations on liberation of NICD and AICD may reflect mechanistic similarities between the S3 and cleavages of Notch and APP, respectively, which occur at similar intramembranous positions near the cytoplasmic face of the plasma membrane. Conversely, most mutations that interfere with normal AICD generation also reduce NICD generation.
Perhaps more surprisingly, numerous mutations in PS1 (e.g., N135D, L166P, M233T, P264L, G384A, and C410Y) and PS2 (e.g., T122P, N141I, M239V, and M239I) can cause significant reductions in the production of A␤40, often despite a concomitant increase in the production of A␤42 (12) (13) (14) (16) (17) (18) (19) . The differential effect of PS mutations on alternative cleavage positions in the APP transmembrane domain seems not to represent a simple shift in substrate preference or specificity, because the degree of elevation in A␤42 levels with individual mutations does not correlate with the degree of depression in A␤40 or AICD levels (e.g., ref. 13 ). Thus, a concerted effect of many FAD-linked PS mutations on ␥-secretase activity seems to be enhancement of cleavage following A␤ residue 42, accompanied by inhibition of cleavage at other possible positions in the APP transmembrane domain, with the magnitude of the effects varying with the specific mutation.
FAD-linked PS mutations also impair ␥-secretase-dependent proteolysis of substrates other than APP and Notch. N-cadherin undergoes a PS-and ␥-secretase-dependent -cleavage analogous to that of APP, and a series of FAD-linked mutations (Y115H, M146L, A246E, E280A, E280G, G384A, and ⌬exon9) uniformly suppressed this cleavage (20) . In addition, FAD-linked mutations have been reported to cause a variable but general impairment of ''presenilinase'' activity. One of the first reports describing PS1 endoproteolysis noted inhibition of this activity by two FAD-linked mutations (M146V and A246E) (21) . In a survey of 29 distinct FAD-linked PS1 mutations, PS1 endoproteolysis was significantly reduced in all cases, with the most severe impairments (Ͼ80% reduction) observed with the V96F, E280G, and C410Y mutations (22) . Reduced PS1 endoproteolysis was also observed in mice bearing a targeted germ-line P264L missense mutation (23) . The functional significance of deficient presenilinase activity is unclear, as PS1 mutants (e.g., ⌬exon9) refractory to endoproteolysis still support ␥-secretase activity, and whether PS endoproteolysis is in fact autocatalytic remains unresolved (24, 25) .
PS also possess ␥-secretase-independent activities, such as their down-regulation of the Wnt signaling pathway through interaction with and destabilization of ␤-catenin. Interestingly, FADlinked mutations (M146L, ⌬exon9, C263R, and P246L) have been found to impair this ␥-secretase-independent activity as well, resulting in enhanced ␤-catenin stability and ␤-catenin-dependent signaling (26, 27) . Recently, PS holoproteins were found to function as passive ER calcium leak channels independent of ␥-secretase activity, and two FAD-associated mutations (PS1 M146V and PS2 N141L) impaired this function (28) . Collectively, these observations strongly suggest that pathogenic mutations cause a general impairment of PS function affecting both ␥-secretase-dependent and -independent activities. Given the large number of pathogenic mutations that do not localize to a particular domain, the deleterious functional impact of pathogenic mutations may reflect a general destabilization of PS structure.
The ability of PS1 bearing the FADlinked A246E mutation to rescue the phenotypic defects of PS1 Ϫ/Ϫ mice has been taken as evidence that mutant PS possess normal biological activity, and that pathogenic PS1 mutations do not act through a loss-of-function mecha- Fig. 3 . ␥-Secretase inhibitors mimic the effects of pathogenic PS mutations. The graph depicts schematically the effects of increasing concentrations of ␥-secretase inhibitors on A␤40 and A␤42 production, based on data from published reports (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) . Similar findings have been reported with inhibitors of different structural classes, assayed in either cell culture systems or partially purified membrane preparations. Three distinct patterns of change in the levels of A␤40 and A␤42 production are observed in response to increasing concentrations of ␥-secretase, as indicated above the graph: (i) increased A␤42 and unchanged A␤40; (ii) increased A␤42 and decreased A␤40; and (iii) unchanged or decreased A␤42 and decreased A␤40. Pathogenic PS mutations can be classified into similar patterns based on their effect on A␤42 and A␤40 (representative mutations are shown for each pattern), with most mutations corresponding to the intermediate pattern. Thus, the impact of PS mutations on ␥-secretase activity can be equated with the effects of varying concentrations of an active site-directed ␥-secretase inhibitor. Note that the A␤42/A␤40 ratio is consistently increased across all concentrations of ␥-secretase inhibitor, suggesting that this ratio provides a more reliable index of ␥-secretase inhibition than the individual levels of A␤42 or A␤40.
nism (21, 29). However, PS1
ϩ/Ϫ mice with only one functional PS1 allele are phenotypically normal, indicating that 50% of the normal PS1 dosage is sufficient to rescue the phenotype of PS1 Ϫ/Ϫ mice (30) . Therefore, even if the A246E mutation caused a 50% reduction in PS1 activity, expression at a level equal to the normal PS1 expression level would yield a phenotypic rescue; greater levels of overexpression would compensate for greater decrements in activity. Consistent with this view, analysis of transgene expression levels in embryos in one study revealed that the degree of phenotypic rescue correlated with the extent of overexpression of mutant PS1 (21) . Moreover, the A246E mutation exhibits reduced ability to rescue phenotypes caused by PS homologue deficiency in C. elegans and Drosophila, further arguing that this mutation does indeed compromise the biological activity of PS1 (7, 8) .
Thus, studies of pathogenic PS mutations have revealed that a large number of mutations confer a partial loss of function (Table 1) . Indeed, such analyses have shown that impairment of PS activities by pathogenic mutations is the rule rather than the exception. Because these studies typically involve overexpression of mutant PS, the observed reductions in PS-dependent activities are likely to represent underestimates; in cases in which PS-dependent activities were not apparently impaired by mutations, overexpression may have obscured a partial loss of activity, as observed in the C. elegans studies described above. Comparison of the effects of pathogenic PS mutations with those of inactivating or null mutations has confirmed that the reductions in ␥-secretase-dependent and ␥-secretase-independent activities represent a partial loss of function. The sole discrepancy is the relative increase in production of A␤42 caused by pathogenic mutations, which has been generally interpreted as a gain of function, because genetic inactivation of PS impairs all ␥-secretase-mediated cleavages of the APP transmembrane domain (but see next section). Recent analysis of a series of FAD-linked PS mutations in cultured human cells and Drosophila has further shown that the degree of reduction in PS-dependent activity correlates well with the corresponding clinical severity, as indicated by age of disease onset (8, 18) . These observations lend additional support to the view that impaired PS function plays an important role in disease pathogenesis.
␥-Secretase Inhibitors Mimic the Effects of Pathogenic PS Mutations
Peptidomimetic compounds of several structural classes act as small molecule inhibitors of ␥-secretase (reviewed in ref. 31 ). These compounds, many of which are based on the APP substrate sequence surrounding the A␤42 cleavage site, occupy the enzyme's active site and function as analogs of the transition state intermedi- Fig. 4 . Large numbers of pathogenic PS1 mutations are diffusely distributed throughout the coding sequence. This diagram shows the distribution of the missense, small insertion and deletion mutations in PS1. In addition to the depicted mutations, in-frame deletion of exon 9 has also been reported in FAD. Residues highlighted in red indicate the sites of identified FAD mutations, and the three residues highlighted in green (L113P, G183V, and insR352) indicate the sites of mutations identified in familial FTD. The two aspartates (D257 and D385) implicated as catalytic residues in the active site of ␥-secretase are highlighted in yellow. PS endoproteolysis occurs within the protein sequence derived from exon 9. FAD-linked mutations in PS and APP typically enhance the production of A␤42 and A␤43. APP residues at which FAD-linked mutations have been identified are highlighted in red. Interestingly, the longer forms of A␤ (A␤42, A␤43) retain the major cleavage site for generation of A␤40. Although they may be capable of interacting with the enzyme active site, these longer forms of A␤ are unlikely to be efficient substrates for cleavage owing to the absence of distal residues, raising the possibility that they may occupy the active site nonproductively after their generation. Thus, A␤42 and A␤43 may act as ␥-secretase inhibitors, and their increased production in familial and sporadic AD may result in inhibition of ␥-secretase. (B) The amino acid sequence of APP surrounding the multiple intramembranous ␥-secretase cleavage sites is diagrammed at top, with the cleavage sites designated by asterisks; the length of the corresponding A␤ peptide is indicated above the sequence. The structure of a typical substrate-based ␥-secretase inhibitor and the C-terminal sequences of A␤43 and A␤42 are shown below. Substratebased ␥-secretase inhibitors are peptide analogs typically derived from the amino acid sequence surrounding the A␤42 cleavage site. Residues immediately flanking the cleavage site (A*T) are often modified to incorporate hydroxyethyl isostere or difluoroketone moieties, which mimic the transition state intermediate in aspartic protease catalysis. The C-terminal sequences of A␤43 and A␤42 resemble substrate-based peptide inhibitors directed against the A␤38 -A␤40 cleavage sites.
ate in aspartic protease catalysis. An intriguing property shared by ␥-secretase inhibitors is their paradoxical ability to enhance A␤42 production while blocking other ␥-secretase-dependent cleavages, thus mimicking the effects of PS mutations (Fig. 3) (32-41) . Low to moderate doses of essentially all ␥-secretase inhibitors used to date increase A␤42 production, whereas higher doses produce the expected inhibition of A␤42 production. In contrast to this biphasic effect on A␤42, ␥-secretase inhibitors cause a progressive inhibition of A␤40 production. Enhancement of A␤42 production often occurs even at subinhibitory concentrations, arguing that the increase in A␤42 levels is not simply a consequence of increased substrate availability owing to reduced A␤40 generation. In addition, observation of this phenomenon in both cell culture systems and partially purified membrane preparations makes it unlikely that increased A␤42 production is a result of inhibitory effects on other intracellular processes (36, 41) . Interestingly, the degree of enhancement of A␤42 production elicited by ␥-secretase inhibitors is strongly correlated with their inhibitory potency (42) , suggesting that increased A␤42 generation is mechanistically related to active site-directed inhibition.
The fact that ␥-secretase inhibitors can mimic the effects of pathogenic PS mutations (i.e., increase A␤42 production while inhibiting other ␥-secretase activities) supports the hypothesis that pathogenic mutations cause a partial loss of PS function, equivalent to the effects of low to moderate doses of ␥-secretase inhibitors (Fig. 3) . Thus, the elevated A␤42 production caused by PS mutations may represent a symptom of a ''sick'' and otherwise impaired ␥-secretase. The opposing effect on A␤42 production relative to other substrate cleavages exerted by ␥-secretase inhibitors and PS mutations is not easily reconciled with a monomeric enzyme structure, and suggests instead a multimeric enzyme subject to allosteric regulation. This view is consistent with evidence for PS dimerization and dominant-negative effects of PS mutations (13) . Interestingly, substrate or transition state analogs can have biphasic effects on the activity of allosteric enzymes, similar to the effect of ␥-secretase inhibitors on A␤42 production. This phenomenon has been well documented with the classic allosteric enzyme aspartate transcarbamylase: L-aspartate analogs (i.e., dicarboxylic acids such as maleate) perform as activators at low concentrations and inhibitors at higher concentrations (43, 44) .
PS Mutations Can Cause
Neurodegenerative Dementia in the Absence of A␤ Accumulation Three PS1 mutations (L113P, G183V, and insR352) have been identified in families with FTD, a common neurodegenerative dementia that lacks amyloid pathology (45) (46) (47) . The absence of A␤ accumulation in FTD implies that these PS1 mutations may confer a stronger loss of function than those causing familial AD, equivalent to high doses of ␥-secretase inhibitor. Indeed, one of these FTD-associated PS1 mutations (insR352) strongly impairs ␥-secretase activity in a dominant-negative manner (46) . The remaining two mutations occur at exon-intron boundaries, probably giving rise to both full-length transcripts encoding PS1 bearing the identified missense mutation as well as aberrantly spliced transcripts encoding markedly truncated PS fragments (46, 47) . Thus, PS1 mutations can cause neurodegeneration and dementia in humans without increasing A␤ production, possibly by imposing a generalized reduction in PS activity. Moreover, PS mutations also occur in families in which early-onset AD is associated with cortical Lewy bodies, which contain ␣-synuclein aggregates (48) (49) (50) . Collectively, these observations further suggest that the variable protein aggregates associated with PS mutations do not play an essential role in the pathogenic mechanism leading to neurodegeneration and dementia.
The Diffuse Distribution of PS Mutations Is Most Compatible with a Loss of Function
In contrast to pathogenic mutations in APP, which cluster around sites of proteolytic cleavage, PS mutations are scattered throughout the protein's extracellular, cytosolic and transmembrane domains, occurring at Ϸ20% of the amino acid residues (Fig. 4) . This suggests that ''random'' alterations of single amino acid residues in PS are sufficient to cause AD, highlighting the importance of normal PS functions in AD pathogenesis. The large number (Ͼ150) and diffuse distribution of PS mutations are most compatible with a loss of protein function, such as might be caused by a general destabilization of the folded protein structure. The absence of pathogenic mutations that would result in a complete loss of functional protein (e.g., non-sense and frame-shift mutations) suggests that PS mutations are unlikely to act through a simple loss of function. Rather, these observations collectively suggest that pathogenic PS mutations may act through a dominantnegative mechanism, in which mutant PS protein with diminished activity and/or stability interferes with the function of wild-type protein. Such a mechanism would be consistent with the dominant inheritance of PS mutations, as discussed below.
Is a Pathogenic Mechanism Based on Loss of PS Function Compatible with AD Genetics?
One might question whether loss of PS function can provide a tenable explanation for AD pathogenesis, because APP mutations alone are sufficient to cause AD. APP mutations increase the production of A␤, suggesting that A␤ itself can be pathogenic, as proposed by the amyloid hypothesis. How A␤ causes neurodegeneration, however, is presently unclear. We propose that increased levels of A␤ may cause AD by interfering with PS function and/or expression, resulting in a loss of PS-dependent activities. An interesting possibility that has not previously been considered is that elevated A␤42 levels may inhibit ␥-secretase activity through a productbased negative feedback mechanism, effectively mimicking the effects of PS mutations and ␥-secretase inhibitors. Because of the relaxed substrate specificity of ␥-secretase, longer forms of A␤ (i.e., A␤42/43) contain potential cleavage sites for generation of shorter forms of A␤ (i.e., A␤38/40). Such longer forms of A␤, whose production is favored in both familial and sporadic AD, are likely to be ineffective substrates for cleavage, owing to the absence of downstream residues important for productive active site-substrate interactions. Thus, longer forms of A␤ may act as ␥-secretase inhibitors by occupying the enzyme's active site nonproductively, in a manner similar to peptidomimetic active-site directed inhibitors (Fig. 5) . These putative inhibitory forms of A␤ could remain kinetically associated with the ␥-secretase active site after their production, or they could reassociate with ␥-secretase after retention in or reinsertion into the plasma membrane.
Increased A␤ levels may also inhibit the expression of normal levels of ␥-secretase, because A␤ negatively regulates CREdependent gene expression, and expression of the genes encoding both PS1 and the essential ␥-secretase subunit Pen-2 is CRE-dependent (51) (52) (53) . In support of a role for reduced PS expression in AD pathogenesis, PSEN1 promoter polymorphisms that reduce PS1 expression have been reported as risk factors for sporadic AD (54, 55) . Alternatively, loss of PS function and increased A␤ production may converge at common downstream signaling pathways that are required for synaptic plasticity and neuronal survival. For example, both PS inactivation and increased A␤ lead to reductions in synaptic NMDA receptors and CRE-dependent gene expression (4, 51, 52, 56) .
The presenilin hypothesis must also be reconciled with the fact that muta-tion of a single PS allele is sufficient to cause AD, despite the presence of three remaining intact PS alleles. In contrast, inactivation of a single PS1 allele in mice, whether germ-line or conditional, is insufficient to cause neurodegeneration (30, 57) . The most straightforward solution to this apparent dilemma is that a single mutant allele may be pathogenic because the resulting mutant protein can act in a dominant-negative manner to inhibit the activities of normal PS produced from the remaining wild-type PS alleles. In genetic terms, FAD-linked PS mutations are likely to be antimorphic, causing an intrinsic loss of function as well as a gain of negative function, thereby bringing about an overall loss of PS activity. Such a model would reconcile the dominant inheritance of PS mutations with the evidence for a loss-of-function pathogenic mechanism outlined above. Indeed, PS appear to form dimers within the ␥-secretase complex (13), suggesting a possible allosteric mechanism that could allow for dominant-negative effects of PS mutations, as well as their capacity to enhance A␤42 production while impairing other ␥-secretase activities. Consistent with this view, dominantly inherited mutations causing a variety of familial human diseases have been found to act through a dominant-negative mechanism, causing both intrinsic and overall losses of protein function.
Conclusion
Based on several independent lines of evidence, we propose that loss of PS function may be a primary event triggering neurodegeneration in AD, and possibly in other forms of neurodegenerative dementia, such as FTD. The presenilin hypothesis derives from the following observations: (i) inactivation of PS function in the adult brain provides the only mouse model based on genetic manipulation of PS or APP that recapitulates dementia and widespread neurodegeneration; (ii) although FAD-linked PS mutations cause increased production of A␤42, a large and increasing number of FAD-linked PS mutations have been shown to inhibit other PS activities; (iii) ␥-secretase inhibitors can mimic the effects of PS mutations, stimulating A␤42 production while inhibiting other ␥-secretase activities; (iv) PS mutations have recently been identified in FTD, indicating that PS mutations can cause dementia and neurodegeneration in the absence of amyloid accumulation; and (v) the large number, diffuse distribution and missense nature of pathogenic PS mutations is most compatible with mutations causing a loss of PS function through a dominant-negative mechanism.
Our model does not discount an important role for elevated levels of A␤ peptides, particularly A␤42, in the pathogenesis of AD. However, we suggest that increased A␤ levels may cause neurodegeneration and dementia primarily by interfering with PS-dependent activities, thereby causing an effective loss of PS function. As one possible mechanism, we speculate that A␤42 may act as an inhibitor of ␥-secretase through prolonged occupation of the enzyme's active site. Regardless of the specific mechanism, one would expect that indirect A␤-mediated inhibition would have an inherently weaker influence on PS function than the more direct effect of PS mutations. In this respect, the presenilin hypothesis may help to explain several perplexing observations: (i) the paucity of pathogenic mutations in APP relative to PS; (ii) the failure of mutant mice overproducing A␤ to develop neurodegeneration, whereas mutant mice with complete loss of PS function exhibit striking neurodegeneration; and (iii) the earlier age of onset and more aggressive course of PS-linked FAD in comparison to APP-linked FAD, despite the fact that APP mutations often elicit a far greater elevation in A␤ levels. The proposed antagonistic effect of A␤ on PS-dependent functions could apply to any mechanism that increases the steady state levels of A␤, including familial and sporadic forms of AD, although elevated A␤42/A␤43 production by ␥-secretase may have the most deleterious impact.
Recent analysis of a PS conditional double knockout (cDKO) mouse has provided insight into the consequences of loss of PS function in the adult mammalian brain, outlining a putative pathogenic cascade in which loss of PS function compromises NMDA receptor function, synaptic plasticity and CRE-dependent gene expression, ultimately precipitating widespread and progressive neuronal atrophy and death (4) . Neurodegeneration in the PS cDKO mouse displays many of the hallmark features of AD neuropathology, including synaptic and neuronal loss, astrogliosis and tau hyperphosphorylation. Although the PS cDKO mouse lacks the amyloid pathology characteristic of AD, the evidence outlined above suggests that loss of PS function may be a central pathogenic mechanism that operates downstream of A␤ accumulation in AD and independent of A␤ accumulation in FTD. Furthermore, complete PS inactivation models the proposed dominant-negative effects of a single partial loss of function mutant PS allele, which may lead to gradual and progressive inhibition of total PS activity over time, an effect that may be further exacerbated by overproduction of A␤42. Genetic exaggeration of these effects through complete PS inactivation presumably facilitated the development of neurodegeneration within the short (2-year) life span of mice, whereas similar neuropathology becomes manifest only after 5-6 decades in FAD patients. Such genetic exaggeration has thus far been largely unsuccessful in producing neurodegeneration in a variety of transgenic mice overexpressing mutant human APP, possibly because the pathogenic effects of A␤ are less direct and/or less potent than PS mutations in causing neurodegeneration.
The presenilin hypothesis of AD potentially reconciles important discrepancies in our current understanding of AD, thereby uniting a fragmented set of observations. Although this hypothesis derives in part from genetic observations, progressive loss of PS function, whether due to inhibitory effects of A␤ accumulation or to independent mechanisms, could similarly explain the pathogenesis of sporadic, late-onset AD. If correct, this hypothesis has significant therapeutic implications. It suggests that ␥-secretase inhibitors would aggravate instead of ameliorate neurodegeneration and dementia, and that boosting PSdependent pathways or inhibiting opposing pathways will offer the most promising therapeutic strategies for AD.
